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Pigment cells of mammals originate from two different lineages: melanocytes arise from the neural crest, whereas cells of the retinal pigment
epithelium (RPE) originate from the optic cup of the developing forebrain. Previous studies have suggested that pigmentation genes are controlled
by different regulatory networks in melanocytes and RPE. The promoter of the tyrosinase-related family gene Tyrp1 has been shown to drive
detectable transgene expression only to the RPE, even though the gene is also expressed in melanocytes as evident from Tyrp1-mutant mice. This
indicates that the regulatory elements responsible for Tyrp1 gene expression in the RPE are not sufficient for expression in melanocytes. We thus
searched for a putative melanocyte-specific regulatory sequence and demonstrate that a bacterial artificial chromosome (BAC) containing the
Tyrp1 gene and surrounding sequences is able to target transgenic expression to melanocytes and to rescue the Tyrp1b (brown) phenotype. This
BAC contains several highly conserved non-coding sequences that might represent novel regulatory elements. We further focused on a sequence
located at −15 kb, which we identified as a melanocyte-specific enhancer as shown by cell culture and transgenic mice experiments. In addition,
we show that the transcription factor Sox10 can activate this conserved enhancer. The presence of a distal Tyrp1 regulatory element, which
specifies melanocyte-specific expression, supports the idea that separate regulatory sequences can mediate differential gene expression in
melanocytes and RPE.
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The pigment melanin is produced by neural crest-derived
melanocytes and by the cells of the retinal pigment epithelium
(RPE), which originate from the neural tube (Martinez-Morales
et al., 2004; Mayer, 1973). The emergence of RPE and
melanocytes during evolution is still poorly understood, and it
has been hypothesized that they have evolved by either
divergence from a primitive pigment cell or by recruitment of
the pigment production machinery to a neural crest or a neural
tube derivative (Arnheiter, 1998; Martinez-Morales et al., 2004;
Sato et al., 1999). Among diverse approaches, comparison of
the regulatory networks controlling pigment gene expression in
melanocytes and RPE might shed a new light on the evolution
of pigment cells. A large set of genes are involved in⁎ Corresponding author. Fax: +41 21 6526933.
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family, namely tyrosinase, Tyrp1 and Dct. Pigment production
is impaired in the absence of functional tyrosinase, which leads
to the classical albino phenotype (Beermann et al., 2004).
Mutations in Tyrp1 and Dct alter the type of pigment produced.
A brown pigment is produced in Tyrp1-mutant mice (Bennett et
al., 1990; Hertwig, 1942; Zdarsky et al., 1990) and absence of
Dct leads to a dark-grey coat color (Guyonneau et al., 2004).
The mouse Tyrp1 gene (17.5 kb) is located on chromosome 4
and composed of eight exons (Bell et al., 1995; Jackson, 1988;
Jackson et al., 1991). Its promoter contains several putative
binding sites for melanocyte- or RPE-specific transcription
factors (Murisier and Beermann, 2006), including the major
transcriptional regulator of pigmentation genes Mitf (micro-
phthalmia transcription factor) (Aksan and Goding, 1998;
Bertolotto et al., 1998; Jackson et al., 1991; Lowings et al.,
1992; Yasumoto et al., 1995, 1997). Mitf is expressed in both
types of pigment cells but displays cell type-specific isoforms
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al., 1998; Hershey and Fisher, 2005; Yajima et al., 1999). In
addition, the paired domain transcription factor Pax3 transacti-
vates the Tyrp1 promoter only in melanocytes (Galibert et al.,
1999), whereas the homeobox factor Otx2 is involved in RPE-
specific control of Tyrp1 expression (Martinez-Morales et al.,
2003). Taken together, this suggests that Tyrp1 expression is
controlled by different regulatory networks in melanocytes and
RPE (Murisier and Beermann, 2006). In transgenic mice, the
difference between the two pigment cell types is even more
obvious because the Tyrp1 promoter was shown to confer
transgene expression only to the RPE (Mori et al., 2002; Penna
et al., 1998; Raymond and Jackson, 1995; Rousseau et al.,
2000; Schmidt et al., 1999). In contrast, with exception of a
single transgenic mouse (Raymond and Jackson, 1995), the
Tyrp1 promoter was not sufficient to provide detectable
transgene expression to melanocytes. Nevertheless, the Tyrp1
gene is expressed in melanocytes (Steel et al., 1992) as evident
from Tyrp1-mutant mice (Tyrp1b) which display a brown coat
color phenotype (Zdarsky et al., 1990). We thus assumed that
genetic elements responsible for Tyrp1 expression in melano-
cytes are located outside of the promoter such as in introns or in
more distal regions.
Previous reports have indicated that the control of pigmen-
tation gene expression is achieved by distinct cis-regulatory
elements in melanocytes and RPE (for a review, see Murisier
and Beermann, 2006). In this report, we have used comparative
sequence analysis as a tool to identify putative distal regulatory
elements at the Tyrp1 locus. We show that a conserved region
located at −15 kb acts as a melanocyte-specific enhancer and
positively regulates reporter gene expression in cell culture and
transgenic mice. In addition, further functional analysis
identified the transcription factor Sox10 as being able to
transactivate this distal enhancer. It has been proposed that the
genetic network controlling pigment production has evolved
initially in the context of primitive eye function and then was
adapted by the neural crest to form melanocytes (Arnheiter,
1998; Martinez-Morales et al., 2004). Following this hypoth-
esis, the existence of separate regulatory elements controlling
Tyrp1 expression in melanocytes and RPE might be consecutive
to this adaptive evolutionary process. In that way, the Tyrp1
enhancer might have contributed to recruit gene expression to
melanocytes.
Methods
Plasmid constructs
The Tyrp1∷luc construct was generated by cloning the 1.4-kb Tyrp1
promoter extending from −1434 bp to +107 bp (Jackson et al., 1991; Raymond
and Jackson, 1995) in the pGL3-basic plasmid (Promega). The 1.8-kb Tyrp1
enhancer was isolated by PCR (primers: 5′-CCCCTCACCTGGATCCTAA-3′
and 5′-GCACCTAACCATTGACCACA-3′) from the BAC RP23-372M15
obtained from the BACPAC Resource Center (Children's Hospital Oakland
Research Institute, Oakland, CA) (Osoegawa et al., 2000) and cloned in
pGEMT-easy (Promega). The 1.8-kb fragment was then cloned in Tyrp1∷luc to
generate the 1.8 Tyrp1∷luc plasmid. This fragment was cut in two parts with
PstI to generate a 731-bp (SP) and a 1066-bp (KP) fragment, which were cloned
into Tyrp1∷luc to generate SP-Tyrp1∷luc and KP-Tyrp1∷luc. Restrictiondigestion of the 1.8-kb fragment by HincII resulted in a 504-bp (EH) and 1293-
bp (HE) fragment, which were used to generate EH-Tyrp1∷luc and HE-
Tyrp1∷luc. An internal fragment of 227 bp (HP) was isolated by HincII and PstI
digestion and used to generate HP-Tyrp1∷luc. SV40∷luc corresponds to the
pGL3-promoter plasmid (Promega). EH-SV40∷luc was generated by cloning
the EH fragment from EH-Tyrp1∷luc into SV40∷luc. The 1.4-kb Tyrp1
promoter (Jackson et al., 1991; Raymond and Jackson, 1995) was cloned in the
0.27 Tyr∷lacZ construct (Camacho-Hübner and Beermann, 2001) to generate
the Tyrp1∷lacZ plasmid (with the Tyr [tyrosinase] promoter removed from the
construct). 1.8-Tyrp1∷lacZ was constructed by inserting the 1.8-kb enhancer in
the Tyrp1∷lacZ plasmid. The EH fragment was reduced to 426 bp (EN
fragment) by digestion with NsiI to generate EN-SV40∷luc. Details on further
deletion constructs are available on request. Briefly, the following sequences
were deleted with respect to EN: EN1 (5′: 26 bp), EN2 (5′: 59 bp), EN3 (5′:
68 bp), EN4 (5′: 104 bp), EN5 (5′: 156 bp), EN6 (3′: 94 bp), EN7 (3′: 156 bp)
and EN8 (5′: 59 bp and 3′: 84 bp). Point mutations were introduced by PCR into
EN8: S1 was changed from TTTGAT to GAATTC, S2 was changed from
ATTGAT to GAATTC, S3 was changed from AACAAA to GAATTC and E1
was changed from CAGTTG to CTGCAG. The constructs were checked by
sequencing and restriction fragment analysis. The plasmids pCMV1/Brn2
(Kuhlbrodt et al., 1998a) and pCMV5-Pax 3 (Kuhlbrodt et al., 1998b) were
kindly provided by M. Wegner. The plasmids CMV-Pax6 and pHCMV-Pax2
(Baumer et al., 2003) were kindly provided by P. Gruss. The plasmid
pCMVSp2-Sox10 (Epstein et al., 1996) was kindly supplied by J.A. Epstein.
The plasmids pCMV19a-Tbx2FL (Carreira et al., 1998), pCMV-Usf-1 (Galibert
et al., 2001) and flag-mi were kindly provided by C.R. Goding. PCINEO-
mOTX2 (Martinez-Morales et al., 2003) was kindly supplied by P. Bovolenta.
BAC constructs
The BAC RP23-100J5, which is derived from the RPCI C57BL/6J mouse
library (Osoegawa et al., 2000), was obtained from the BACPAC Resource
Center (Children's Hospital Oakland Research Institute, Oakland, CA). This
BAC was used for the transgenic rescue experiment and the generation of a
Tyrp1∷lacZ BAC. Homologous recombination in bacteria (Lee et al., 2001) was
used to replace the first Tyrp1 coding exon by the lacZ reporter gene in the BAC.
The targeting vector was generated as following: the 3′ homologous region
consisted of a 2-kb fragment amplified by PCR from the BAC RP23-100J5
using the following primers: 5′-CCTGGCCTCTGAGGTTCTTT-3′ and 5′-
TTCCAACATGCTATGCCTCT-3′. The 5′ homologous region consisted of the
1.4-kb Tyrp1 promoter, the first non-coding exon and the first intron (Schmidt et
al., 1999). The lacZ transgene was placed immediately after the ATG. An
ampicillin cassette flanked by two FRT sites (a kind gift of M. Foretz) was
cloned between the lacZ gene and the 3′ homologous region. Recombina-
tion and ampicillin cassette removal by flipase were performed as described
(Lee et al., 2001).
Comparative sequence analysis
Genomic sequences were obtained from the Ensembl genome browser
(Ensembl, 2005) and analyzed with the zPicture software (Ovcharenko et al.,
2004). The zPicture parameters were the following: sequences masked for
repetitive elements, ECR length: 100 bp; ECR similarity: 70%; and bottom
cutoff: 50%. The mouse sequence extending from −76889 bp to +119318 bp
(NCBI m34 assembly, chromosome 4, position 79756613-79952819) from the
Tyrp1 transcription start site was used as template and compared to rat (RGSC
3.4 assembly, chromosome 5, position 99368306-99686463), dog (CanFam 1.0
assembly, chromosome 11, position 34664792-34682086) and human (NCBI 35
assembly, chromosome 9, position 12683435-12700249) sequences extending
from +150 kb to −150 kb. The sequence of the EN8 fragment was aligned to the
corresponding sequences from rat, dog and human genomes (Ensembl, 2005)
with the ClustalW software (Thompson et al., 1994).
Cell culture, transfection and luciferase assays
NIH3T3, 293T, B16F1 and B16F10 cells were maintained in low glucose
DMEM (Invitrogen) supplemented with 10% fetal bovine serum (FBS, Sigma).
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10%FBS. RPE-D407 cells weremaintained in high glucoseDMEM (Invitrogen)
supplemented with 4% FBS. To generate stable cell lines, we co-transfected
B16F1 cells with the linearized luciferase construct (without vector sequence)
and a PGK∷neo construct (kindly supplied by O. Zilian). Stable transfectants
were selected with 2 mg/ml G418 for 15 days. Transient transfections were
performed in triplicate using the Lipofectamine 2000 (Invitrogen) and luciferase
activity was determined after 24 h. A renilla-expressing plasmid (Promega) was
co-transfected for normalization. Luciferase activity was measured according to
the “Dual-Luciferase Reporter Assay System” (Promega). The luciferase activity
values were normalized with the values obtained for the renilla activity. The
relative luciferase activity represents the fold-increase of normalized luciferase
activity over the enhancer-less plasmid (Tyrp1∷luc or SV40∷luc) (set to 1).
Standard deviation of the triplicate experiment is always indicated and
differences of >2 were interpreted as relevant. For stable cell lines, luciferase
activity was determined using 10 μg of protein extract. To assess transcriptional
activation by transcription factors, we co-transfected 400 ng of expression
plasmid with 100 ng of luciferase reporter plasmid and normalized with the
renilla-expressing plasmid (performed in 24-well plates).
Generation and analysis of transgenic mice
Tyrp1∷lacZ and 1.8-Tyrp1∷lacZ were deliberated from vector sequences
prior to injection in oocytes. BACs were purified from bacterial cultures using
the “large construct kit” (Qiagen) and injected in circular form. The Tyrp1-BAC
was injected into fertilized oocytes derived from mating of Tyrp1b homozygous
mutant mice. Tyrp1∷lacZ BAC, Tyrp1∷lacZ and 1.8-Tyrp1∷lacZ were injected
into fertilized oocytes derived from mating of FVB/N or B6D2F1 mice (Porret et
al., 2006). Injected oocytes were transferred into pseudopregnant NMRI
females, and morning of vaginal plug was counted as E0.5. LacZ staining was
done essentially as described (Porret et al., 2006; Schmidt et al., 1998). Embryos
from stable lines were obtained by mating transgenic offspring to wild-type mice
or to transgenic littermates. LacZ transgenic mice and embryos were identified
by PCR using the following primers: 5′-TCGTCTGCTCATCCATGACC-3′ and
5′-GATTTCCATGTTGCCACTCG-3′. For semi-quantitative PCR, 10 ng of
genomic DNA were amplified by PCR in 50 mM KCl, 20 mM Tris (pH 8.4),
4 mM MgCl2, 0.5 mM dNTPs, 1 μM of each primer and 1.25 U of Taq
polymerase (Invitrogen). Exon 4 was amplified with primers 5′-
CTGCGATGTCTGCACTGATGACTT-3′ and 5′-AGGGTATCGTACTCTTC-
CAAGGAT-3′ (Lavado et al., 2005) for 30 cycles (30 s at 94°C, 30 s at 59°C and
30 s at 72°C). To detect the SNP in exon 4, we digested the PCR product by
TaqI. The fragment located at −31 kb was amplified with primers 5′-
GCCCTTATTGCCACTGTGT-3′ and 5′-CCCTCAAAGCCTATCTAA-
TAAAGC-3′ for 30 cycles (60 s at 94°C, 60 s at 58°C and 60 s at 72°C). The
fragment located in the BAC vector backbone was amplified with primers 5′-
GTGATATCGCGGAAGGAAAA-3′ and 5′-TTATCGCCCTGAAGAGGATG-
3′ for 35 cycles (45 s at 94°C, 30 s at 59°C and 60 s at 72°C).
For the determination of the total melanin content, 1.4 mg of dorsal hairs was
incubated with NaOH (1.4 ml, NaOH 1 M, 4 h, 95°C). Melanin content was
determined by spectrophotometry (475 nm). For each genotype, several
independent mice (5 weeks old) were analyzed and each hair sample was
measured as duplicate. Data are indicated as means ± standard error, after
subtraction of unspecific absorption, which was determined from two albino
(FVB/N) hair samples.Results
Rescue of the Tyrp1b brown phenotype in mice
The Tyrp1b mutant mouse displays a brown instead of a
wild-type black coat color. This phenotype is due to a point
mutation in the Tyrp1 gene, which leads to substitution of a
tyrosine by a cysteine (Zdarsky et al., 1990). Rescue of this
phenotype in transgenic mice would indicate that the construct
contains not only a wild-type Tyrp1 gene but also the regulatorysequences necessary to target expression to melanocytes. Due to
their size of up to 250 kb, bacterial artificial chromosomes
(BAC) are likely to fulfil these criteria. We have used a BAC
from a C57BL/6J mouse library (Osoegawa et al., 2000), which
contains the wild-type Tyrp1 gene and more than 170 kb of
surrounding sequences (Fig. 1A). BAC transgenic lines were
generated on a homozygous Tyrp1b brown background. In 2
(out of 3) independent transgenic lines, the brown phenotype
was rescued leading to a black coat color not distinguishable
from C57BL/6J mice (Fig. 1B). The total melanin content in
hairs of these two transgenic lines was compared to black
C57BL/6J mice and to brown Tyrp1b-mutant mice (Fig. 1C).
Melanin levels were similar to C57BL/6J mice and 3-fold
higher than in Tyrp1b-mutant mice. The proportion of the
Tyrp1b versus the Tyrp1b allele was determined by analysis of a
Tyrp1b-linked SNP located in exon 4 (Fig. 1D) (Jackson, 1988;
Jackson et al., 1990; Lavado et al., 2005; Zdarsky et al., 1990)
and indicated that multiple copies of the Tyrp1b allele were
present in the 3 transgenic lines. The integrity of the BAC
sequence was furthermore confirmed by semi-quantitative PCR
on a region located at −31 kb from the Tyrp1 transcription start
site and on the BAC vector backbone (Fig. 1D). The successful
rescue of the brown phenotype indicates that the Tyrp1-BAC
contains a functional Tyrp1 gene and the regulatory regions
sufficient for Tyrp1 expression in melanocytes.
A Tyrp1∷lacZ BAC provides lacZ expression to pigment cells
To characterize the Tyrp1-regulatory sequences that are
present in the BAC, a lacZ reporter gene was inserted by
homologous recombination (Lee et al., 2001). The resulting
Tyrp1∷lacZ BAC (Fig. 1A) was used to generate one transient
transgenic mouse embryo (E13.5) and three stable transgenic
lines. Strong melanocyte-specific expression of lacZ was
observed in hair follicles of newborn skin of two transgenic
lines (Fig. 1E), even though E13.5 embryos (4 out of 4) only
depicted RPE expression. This shows that regulatory sequences
present in the Tyrp1∷lacZ BAC are sufficient to provide
detectable lacZ expression in both RPE and melanocytes.
Identification of conserved non-coding sequences at the Tyrp1
locus
Previous experiments had shown that the Tyrp1 promoter (up
to −4.3 kb) fails to drive detectable lacZ expression to
melanocytes (Raymond and Jackson, 1995; Schmidt et al.,
1999). However, the lacZ staining observed in melanocytes of
Tyrp1∷lacZ BAC transgenic mice (Fig. 1E) suggests that a
melanocyte-specific enhancer is present in this BAC. Because
enhancers are frequently found within evolutionarily conserved
non-coding sequences, multi-species comparative sequence
analysis was performed with the sequence of BAC RP23-
100J5 as a template. Comparison of the mouse sequence with
non-mammalian genomic sequences did not reveal conservation
in non-coding sequences at the Tyrp1 locus, whereas compar-
ison of mammalian sequences from mouse, rat, human and dog
revealed several stretches of sequence homology (Fig. 2). We
Fig. 1. Rescue of the brown phenotype by introduction of a functional Tyrp1 gene into mice. (A) Schematic view of the Tyrp1-BAC and the modified Tyrp1∷lacZ
BAC. In the BAC, the Tyrp1 gene (1 non-coding exon, 7 coding exons, 17.5 kb) is surrounded by ∼80 kb of 5′ sequence and ∼100 kb of 3′ sequence. (B) A Tyrp1-
BAC transgenic mouse (left) generated on a Tyrp1b/Tyrp1b (brown) mutant background showing a black coat color and thus indicating rescue of the brown phenotype
(right). (C) Total melanin content in the 2 Tyrp1-BAC transgenic lines (Tyrp1-BAC#1, Tyrp1b/Tyrp1b and Tyrp1-BAC#2, Tyrp1b/Tyrp1b) is similar to C57BL/6J (WT,
Tyrp1+/Tyrp1+) mice; b/b = Tyrp1b/Tyrp1b. (D) Semi-quantitative PCR analysis indicates that multiple copies of the BAC are present. −31 kb: PCR amplification of a
1840-bp region located at −31 kb from the Tyrp1 transcription start site. BAC: PCR of the BAC vector backbone (450 bp). Exon 4: PCR of exon 4 of Tyrp1 (126 bp).
Exon 4/TaqI: digestion of the exon 4 PCR product (126 bp) by TaqI (81 bp and 45 bp). A SNP linked to the Tyrp1b allele eliminates the TaqI restriction site (Jackson et
al., 1990; Lavado et al., 2005). (E) LacZ expression in newborn Tyrp1∷lacZ BAC transgenic mice is detected in skin melanocytes within hair bulbs (arrows).
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from the Tyrp1-transcription start site, which was well
conserved in all mammalian genomes analyzed. Moreover,
the position of this conserved sequence in relation to the
transcription start site was similar to the position of the enhancer
implicated in tyrosinase gene expression in melanocytes
(Camacho-Hübner and Beermann, 2001; Ganss et al., 1994a;
Porter and Meyer, 1994). In the following, we thus asked
whether this 1.8-kb conserved sequence is implicated in the
control of Tyrp1 expression in melanocytes.
The 1.8-kb upstream element acts as an enhancer in melanoma
cell lines
The 1.8-kb sequence was isolated and tested in luciferase
reporter gene assays after cloning to a Tyrp1∷luciferase
construct (Fig. 3A). In transiently transfected SK-MEL28
melanoma cells, the 1.8-kb sequence induced a 10-fold increase
of luciferase activity when compared to the promoter alone (Fig.
3B). Further experiments allowed to reduce the size of the
enhancer to 504 bp (EH fragment) without compromising its
activity (Fig. 3B).Transfections were then performed in different cell lines to
determine whether the activity of this sequence is restricted to
melanocytes. In order to separate enhancer transactivation from
the pigment cell-specific transcriptional regulation mediated by
the Tyrp1 promoter, the 504-bp enhancer fragment (EH fragment)
was cloned to the SV40 promoter. In SK-MEL28 and B16F1
melanoma cell lines, this construct (EH-SV40∷luc) induced a 4-
fold increase of expression compared to the basic SV40∷lucifer-
ase construct (Fig. 3C). The transactivation of the unrelated SV40
promoter thus shows that the activity of the Tyrp1 enhancer is not
dependent on its own promoter. In NIH3T3 and 293T cells, as
well as in an RPE-derived cell line (RPE D407), the luciferase
activity was not increased in presence of the enhancer fragment
(Fig. 3C). This suggests that the transactivation by the Tyrp1
enhancer, even when combined with the ubiquitously expressed
SV40 promoter, is restricted to melanocyte-derived cell lines.
The Tyrp1 enhancer is effective in stable transfectants
Regulatory elements might behave differently when inte-
grated in the genome. We thus generated stable transfectants in
B16F1 mouse melanoma cells using Tyrp1∷luciferase reporter
Fig. 2. Analysis of the Tyrp1 locus by comparative sequence analysis. Sequences from rat, dog and human genomes were compared to the mouse sequence of the
Tyrp1-BAC. Computational analysis was performed with the zPicture software (Ovcharenko et al., 2004). Sequences with more than 50% identity are represented by
black dots. Highly conserved intergenic regions are highlighted in red, exons in blue, untranslated regions (UTR) in yellow and introns in pink. Repetitive sequences in
the mouse genome are depicted at the bottom (green bars). The functional analysis of the 1.8-kb element located at −15 kb is described in this report.
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(Tyrp1∷luc) (Fig. 3A). Respectively, 42 and 48 stable cell
lines were established with the Tyrp1∷luc and 1.8-Tyrp1∷luc
constructs and luciferase activity was determined for each clone
individually (Fig. 4). Values varied between individual clones
but an overall higher expression was observed in the cell lines
established with the enhancer-containing construct. In compar-
ison to Tyrp1∷luc, luciferase activity was about 8-fold higher in
cell lines containing 1.8-Tyrp1∷luc (Fig. 4). This result thus
demonstrates that the 1.8-kb distal element is acting as an
enhancer when integrated into the genome of melanoma cells.
The Tyrp1 enhancer mediates melanocyte-specific expression
in transgenic mice
In order to analyze the 1.8-kb distal Tyrp1 element during
mouse development, we generated transgenic mice with a lacZ
reporter gene. In previous reports, 4.3 kb of the Tyrp1 promoter
were shown to confer detectable lacZ expression to RPE but not
to melanocytes (Raymond and Jackson, 1995; Schmidt et al.,
1999). Similar results were obtained when 1.4 kb of the Tyrp1
promoter was used to express the SV40 T antigen or the
attenuated diphtheria toxin-A gene in the RPE (Penna et al.,
1998; Raymond and Jackson, 1995). To confirm this result, the
1.4-kb Tyrp1 promoter was cloned in front of a lacZ reporter
gene (Fig. 5A) and analyzed in transgenic mice. Two transient
transgenic embryos (E13.5) and five stable lines weregenerated. With exception of two non-expressing lines, lacZ
staining was detected in RPE at E13.5 and birth, but never in
melanocytes (Figs. 5B, C and D).
The 1.8-kb Tyrp1 enhancer was then cloned in front of the
1.4-kb Tyrp1 promoter to generate the 1.8 Tyrp1∷lacZ construct
(Fig. 5A). Seven transgenic lines were generated and analyzed
at different developmental ages. Six displayed detectable lacZ
expression in the RPE and four showed staining in melanocytes/
melanoblasts at E13.5 (Figs. 5B, E and F) and at birth (not
shown). LacZ expression in melanocytes was detected from
E12.5 onward. This is in concordance with previous reports
where endogenous Tyrp1 expression was detected at E14.5 by
in situ hybridization (Steel et al., 1992). The earlier expression
in transgenic mice might be due to a higher copy number and to
an increased sensitivity of the lacZ assay. This has previously
been reported when comparing tyrosinase in situ hybridization
data with transgenic lacZ expression (Camacho-Hübner and
Beermann, 2001; Steel et al., 1992). The results demonstrate
that the 1.8-kb Tyrp1 upstream element is sufficient to confer
expression to melanocytes in transgenic mice. It furthermore
suggests that this evolutionarily conserved region is a
melanocyte-specific enhancer.
The Tyrp1 enhancer is transactivated by Sox10
To characterize the active region of the enhancer, we first
performed a deletion series of the 504-bp EH fragment, which
Fig. 3. Functional in vitro analysis of the conserved non-coding sequence located at −15 kb. (A) Scheme of the Tyrp1 gene and upstream region depicting the location
of the fragments used for luciferase constructs. (B) The 1.8-kb sequence acts as enhancer in transiently transfected SK-MEL28 melanoma cells. Moreover, 731 bp (SP
fragment) or 504 bp (EH fragment) are sufficient for enhancer activity. (C) The 504-bp enhancer (EH fragment) was cloned in front of the SV40 promoter and
transfected in different cell lines. Enhancer activity is only observed in melanocyte-derived cell lines. Luciferase activity values are represented relative to the
Tyrp1∷luc or SV40∷luc construct (set to 1).
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experiments (Fig. 3). These experiments showed that a central
273 bp sequence (EN8 fragment) was sufficient to efficiently
transactivate the SV40 promoter in B16F10 cells whereas
further reduction altered its activity (Fig. 6A). To identify
putative transcription factor binding sites, we aligned the mouse
EN8 core-enhancer sequence to corresponding sequences from
rat, dog and human (Fig. 6B). The largest conserved DNAmotif
was a 22-bp sequence located at the 3′ end of the EN8 fragment
and might contain a binding site for class II Pou transcription
factors such as Oct-1 (Verrijzer et al., 1992; Zhu and Pruitt,
2005). This is highlighted by experiments performed with the
deletion construct EN7 (Fig. 6A) indicating that the 3′ end of
the EN8 fragment is required for enhancer activity.
In addition, a putative E-box motif and 3 putative Sox10
binding sites (Mollaaghababa and Pavan, 2003) were
identified in the EN8 enhancer fragment (Fig. 6B). To
address the functional relevance of these putative transcrip-tion factor binding sites, they were mutated in the EN8-
SV40∷luc construct and analyzed by transient transfections
in B16F10 cells (Fig. 7A). Mutation of S2 led to a slight
decrease of luciferase expression, whereas no effect was seen
with S1 or E1-mutated plasmids. However, mutation of S3
induced a marked decrease of the enhancer activity thus
highlighting the functional relevance of the conserved S3
motif (AACAAA).
In parallel, we searched for factors that might interact with
the Tyrp1 enhancer by co-transfecting plasmids encoding
transcription factors expressed in pigment cells together with
the EN8-SV40∷luc reporter construct into NIH3T3 cells (Fig.
7B). As control experiments, co-transfections were performed
with the enhancer-less construct (SV40∷luc). Among the
different factors analyzed, Sox10 specifically increased the
level of luciferase expression mediated by the EN8-SV40∷luc
construct. This indicates that Sox10 might represent a putative
Tyrp1 enhancer binding factor. We then addressed whether the
Fig. 4. Analysis of the Tyrp1 enhancer in stably transfected melanoma cells.
Stable cells lines were established in B16F1 melanoma cells using Tyrp1∷luc or
1.8-Tyrp1∷luc (Fig. 3B). 42 and 48 clones were analyzed for each construct.
Luciferase activity was individually quantified and plotted in logarithmic scale.
Each clone is represented by a dot and the bar represents the average value. This
shows that the 1.8-kb Tyrp1 distal regulatory sequence increases Tyrp1 promoter
activity when integrated into the genome.
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mediated by Sox10 (Fig. 7B). When co-transfecting the S3-
mutant plasmid with the Sox10-expressing construct in NIH3T3
cells, the specific transactivation by Sox10 was abolished (Figs.
7B and C), indicating that the S3 motif is mediating
transactivation by Sox10. These results therefore suggest that
Sox10 is able to activate the Tyrp1 enhancer.
Discussion
Pigmentation in mammals involves a large set of genes of
which 127 loci have been described so far in the mouse (Bennett
and Lamoreux, 2003; Oetting and Bennett, 2006). Their
expression is tightly regulated in time and space by specific
transcription factor networks. Accordingly, the promoters of the
tyrosinase-related family genes were shown to be regulated by
transcription factors that are specifically expressed in either
melanocytes or RPE (reviewed in Murisier and Beermann,
2006). Previous in vivo experiments on tyrosinase gene
regulation have suggested that distal regulatory elements,
such as the tyrosinase enhancer located at −15 kb, behave
differently in the two pigment cell lineages (Camacho-Hübner
and Beermann, 2001; Porter and Meyer, 1994; Porter et al.,
1999). This might indicate that expression of pigmentation
genes in melanocytes and RPE is mediated by different
transcription factors and also by distinct cis-regulatory
elements.In this report, Tyrp1 was used as a model for studying the
involvement of distal regulatory elements in pigment cell-
specific gene expression. In transgenic mice generated with the
Tyrp1 gene promoter, expression was restricted to the RPE (Fig.
5) (Mori et al., 2002; Penna et al., 1998; Raymond and Jackson,
1995; Rousseau et al., 2000; Schmidt et al., 1999). This
indicated that regulatory elements sufficient for expression in
the RPE are different from those required for expression in
melanocytes. Because control of tissue-specific expression is
frequently associated with enhancers, we searched for melano-
cyte-specific distal regulatory elements in the Tyrp1 locus. We
first addressed whether the regulatory elements necessary for
expression in melanocytes are present on a BAC, which maps to
the Tyrp1 locus. Rescue of the Tyrp1b brown phenotype with the
Tyrp1b-BAC demonstrated that the BAC contains a functional
Tyrp1 gene but also the regulatory sequences required for
expression in melanocytes (Fig. 1). This was confirmed by the
analysis of the Tyrp1∷lacZ BAC transgenic mice, which
showed lacZ expression in RPE and melanocytes (Fig. 1).
Multi-species sequence comparisons are valuable tools to
identify sequences with regulatory properties (Hardison, 2000;
Pennacchio and Rubin, 2001). For example, we have recently
used this approach to identify distal regulatory elements
involved in the spatiotemporal control of mouse Fgf8
expression (Beermann et al., 2006). We have now applied
comparative sequence analysis to the mouse Tyrp1 locus with
limits corresponding to the position of the BAC to identify
putative novel regulatory elements. The selectivity and
sensitivity to predict conservation patterns in multi-species
comparison depends on various parameters, such as the
computing algorithm. We used the zPicture software (Ovchar-
enko et al., 2004), which compares pairwise the reference
sequence, as the mouse Tyrp1 locus, with sequences from other
genomes. In this method, a 100-bp sliding window with an
identity threshold of 50% is used to generate a percentage
identity plot (PIP). Selection of the species that are used for
comparison also strongly affects the output (Boffelli et al.,
2004). Although comparisons among evolutionarily related
species as mouse and rat might not be stringent enough,
inclusion of distant vertebrates such as fish and bird is more
likely to reveal functionally important regulatory elements
(Beermann et al., 2006). However, elements that are only
present in mammals might not be revealed by this analysis. In
our work, comparison of the mouse Tyrp1 locus with chicken
and fish genomes did not show any obvious conserved non-
coding pattern. When focusing on mammalian sequences,
several stretches of homology were observed in introns and
surrounding sequences (Fig. 2). Surprisingly, we identified
regions that are conserved among evolutionarily distant
mammalian genomes but not in closely related species. For
example, a region located at −11 kb from the mouse Tyrp1 start
site was conserved in human but not in rat and dog (Fig. 2). This
sequence might have independently diverged more rapidly in rat
and dog than in mouse and human. Alternatively, it might
represent an artefact resulting from gaps in the assembly of the
rat and dog genomes. We have also identified conserved regions
that are absent from the human sequence, which might represent
Fig. 5. The Tyrp1 upstream element is sufficient for expression in melanocytes of transgenic mice. (A) Scheme of the 15-kb Tyrp1 upstream region and transgenic
constructs. The 1.8-kb enhancer was linked to the Tyrp1 promoter and used to regulate a lacZ reporter gene in transgenic mice. (B) Table showing the lacZ expression
pattern of independent transgenic embryos derived from stable transgenic lines or transient transgenic experiments. (C, D) In absence of the enhancer, E13.5 embryos
display lacZ staining in the RPE (C) but not in melanocytes as shown by higher magnification of the backskin (D). (E, F) When the Tyrp1 enhancer was combined with
the Tyrp1 promoter, lacZ expression in E13.5 embryos is observed in both RPE (E) and melanocytes (arrows) (F).
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conserved region that is most likely to represent a functional
element, we focused on a sequence that is well conserved in all
four mammalian species. Moreover, this conserved sequence is
located at a distance from the transcription start site which is
similar to the melanocyte-specific enhancer of the tyrosinase
gene (Camacho-Hübner and Beermann, 2001; Ganss et al.,
1994a; Porter and Meyer, 1994). Thus, we focused on this
sequence as a possible candidate to provide Tyrp1 expression to
melanocytes.
When assayed in cell culture, this conserved Tyrp1 distal
element behaves as a strong transactivator of expression in
melanoma cells. Moreover, the Tyrp1 enhancer does not require
its own promoter to be active because it is able to transactivate
the heterologous SV40 promoter (Fig. 3). This might indicate
that the Tyrp1 enhancer interacts with the basal transcription
machinery that is active on both promoters rather than with
pigment cell-specific factors that act on the Tyrp1 promoter.
Nevertheless, the Tyrp1 enhancer shows melanocyte-specific
activity in all cell lines tested. Even in RPE cells, no
transcriptional activity was observed, which equally underlines
the specificity for neural crest-derived pigment cells. This could
suggest that some transcription factors that bind to the Tyrp1
enhancer in melanocytes are not present in RPE cells.
Transgenic lacZ reporter mice generated with 1.4 kb of the
Tyrp1 promoter showed RPE-restricted pattern of expression,
whereas the addition of the distal enhancer element conferredexpression to both RPE and melanocytes (Fig. 5). The Tyrp1
enhancer is thus sufficient and most probably required for
expression in melanocytes. Regulatory elements controlling
Tyrp1 expression in melanocytes and RPE are thus spatially
separated, with expression in neural crest-derived pigment cells
being controlled by an element located at −15 kb from the
transcription start site. Among the embryos generated with the
distal Tyrp1 enhancer, two depicted detectable lacZ expression
only in the RPE. This might indicate that the enhancer is
sensitive to position effects and that insulator or boundary
elements, such as those present within the tyrosinase distal
regulatory element (Giraldo et al., 2003), are required to prevent
silencing from the surrounding condensed chromatin. In
addition, we have recently performed transfection experiments
with conserved sequences located at positions −45 kb, −37 kb
and −22 kb and in introns 1 and 3. Preliminary results suggest
that a sequence located at −37 kb might equally have some
melanocyte-specific gene regulatory activity. At this point, we
therefore cannot exclude that other distal regulatory elements
are involved in the control of Tyrp1 expression.
In order to identify the putative enhancer transactivating
factors that are involved in establishing its melanocyte-specific
activity, co-transfection experiments were performed using
transcription factors that have previously been involved in the
regulation of gene expression in pigment cells. Among these,
Sox10 was the only factor capable of transactivating the Tyrp1
enhancer. Mutation of a conserved Sox10 binding motif present
Fig. 6. Analysis of the Tyrp1 enhancer sequence reveals putative transcription factor binding sites. (A) Deletion constructs generated from EH-SV40∷luc (Fig. 3) were
transfected into B16F10 melanoma cells. This showed that a 273-bp element (EN8) is sufficient to provide enhancing activity. Luciferase activity values are
represented relative to the SV40∷luc construct (set to 1). (B) The mouse enhancer sequence (EN8 fragment) was aligned with the corresponding sequence from rat, dog
and human. Nucleotides that are conserved in the four species are marked with stars. Potential binding sites for the Sox10 transcription factor (Mollaaghababa and
Pavan, 2003) are represented in green and E-box like elements in orange. The position of the deletion constructs is represented with arrows. Note that the third putative
Sox10 binding motif (S3) is conserved in the mouse, rat, dog and human sequence.
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cell line and abolished its transactivation by Sox10 in co-
transfection experiments. This suggests that Sox10 directly
interacts with the Tyrp1 enhancer and mediates its melanocyte-
specific activity. Sox10 was shown to transactivate the Dct
promoter in melanocytes (Jiao et al., 2004; Ludwig et al., 2004),
and it is thus possible this the regulatory mechanism is
conserved in the regulation of Tyrp1.
In vitro experiments have shown that transcription factors
such as Pax3 or Mitf-M, which are expressed in melanocytes,
are transactivators of the Tyrp1 promoter (Aksan and Goding,
1998; Bertolotto et al., 1998; Galibert et al., 1999; Yasumoto et
al., 1995, 1997). The factors interacting with the Tyrp1
enhancer, such as Sox10, might thus act together with the
factors that interact with the promoter to regulate Tyrp1 gene
expression in melanocytes. In contrast, RPE-specific transcrip-tion factors that bind to the Tyrp1 promoter, such as Mitf-A and
Otx2 (Martinez-Morales et al., 2003), might be sufficient to
control Tyrp1 expression in this cell type.
The Tyrp1 enhancer and the tyrosinase enhancer (Camacho-
Hübner and Beermann, 2001; Ganss et al., 1994a,b; Gimenez et
al., 2001; Giraldo et al., 2003; Montoliu et al., 1996; Porter and
Meyer, 1994; Porter et al., 1999) are both required for
expression of their corresponding genes in melanocytes but
not in RPE (Fig. 8). However, comparison of the two enhancer
sequences does not reveal any obvious conserved pattern
(unpublished observation). Thus, they might have been
independently recruited during evolution to control gene
expression in melanocytes. It had been proposed that pigmen-
tation genes have initially evolved in the context of eye function
and then were adapted for skin pigmentation (Arnheiter, 1998;
Martinez-Morales et al., 2004; Sato et al., 1999). Accordingly,
Fig. 7. The Tyrp1 enhancer is activated by Sox10. (A) The E-box motif (E) and the Sox consensus sequences (S) found within the EN8 fragment (Fig. 6B) were
mutated and the constructs were analyzed by transfections in B16F10 melanoma cells. Luciferase activity values are represented relative to the SV40∷luc construct (set
to 1). (B) Constructs expressing transcription factors were co-transfected in NIH3T3 cells with the EN8-SV40∷luc reporter construct. Sox10 induced an increase of
reporter gene expression in presence of the Tyrp1 enhancer. (C) The Sox10 activation was abolished following mutation of the S3 site in the EN8-SV40∷luc construct
as shown by co-transfections in NIH3T3 cells. In panels B and C, activation of the enhancer is represented relative to co-transfection with the enhancer-less construct.
In addition, an empty vector (pBluescript) was co-transfected to control the experiment (ctrl plasmid).
Fig. 8. Different cis-acting elements are involved inRPE andmelanocyte-specific gene expression of tyrosinase family genes. The tyrosinase (Tyr),Tyrp1 andDct promoter
are sufficient to mediate expression in the RPE. Distal regulatory elements (DRE) are required for melanocyte-specific expression of tyrosinase and Tyrp1, but not forDct.
The involvement of distal regulatory elements in the control of tyrosinase expression in the RPE is less clear (Camacho-Hübner andBeermann, 2001; Gimenez et al., 2001).
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expression of pigmentation genes to neural crest-derived
melanocytes. It would thus be interesting to analyze other
pigment cell-specific genes and determine whether their
regulation is mediated by similar mechanisms. In this context,
it should be mentioned that 3.2 kb of the promoter of the
tyrosinase-related gene Dct are already sufficient for both
melanocyte- and RPE-specific expression (Fig. 8) (Guyonneau
et al., 2002; Hornyak et al., 2001; Mackenzie et al., 1997; Zhao
and Overbeek, 1999). Addition of further regulatory sequences
in a Dct∷lacZ BAC did not affect this expression pattern
(unpublished observation), suggesting that no distal regulatory
elements are present in this highly related gene. Because the
binding of Sox10 on the Dct promoter (Jiao et al., 2004; Lang et
al., 2005) is required to mediate its expression in melanocytes, a
similar mechanism might be functional in the Tyrp1 enhancer
which also contains Sox10 binding sites. Comparison of Dct
and Tyrp1 gene regulatory mechanisms might thus suggest that
Mitf, which binds to both promoters, requires interaction with
Sox10 to mediate strong expression in melanocytes.
In the present study, we identified a distal enhancer
specifically involved in the control of Tyrp1 expression in
melanocytes. We show that comparative sequence analysis of
different mammalian genomes can be successfully used to
define new regulatory elements involved in pigment cell-
specific gene regulation. Functional analysis of the conserved
Tyrp1 enhancer underlines that gene expression is controlled
by different regulatory sequences in melanocytes and RPE.
The Tyrp1 distal enhancer is a prerequisite for strong Tyrp1
gene expression in melanocytes, whereas the promoter is
sufficient for expression in RPE. The presence of distinct
active regulatory elements in melanocytes and RPE contri-
butes to understanding the evolution of pigment cells and
might suggest that pigmentation genes were initially designed
for eye pigmentation and then were adapted for skin
pigmentation.
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